A computational approach combining in sequence molecular dynamic simulations and density functional theory (DFT) calculations is implemented to evaluate the secondorder nonlinear optical (NLO) responses of photoresponsive self-assembled monolayers (SAMs) based on indolino-oxazolidine molecular switches. These numerical simulations provide a complete atomistic picture of the morphology of the SAMs, revealing a high degree of positional disorder and an almost isotropic orientation of the chromophores.
Introduction
Organic photochromic compounds have been extensively studied in the last decades, owing to their possible integration into a large variety of photonic and optoelectronic applications. [1] [2] [3] Surface functionalization with molecular photoswitches yields 2D materials responding to light in a controlled way. 4 One of the most versatile approaches for surface engineering and interface design is to use self-assembled monolayers (SAMs), 5 in which highly efficient and selective "click" reactions can be exploited to introduce a wide range of organic functionalities on well-defined base monolayers, typically consisting in azide-terminated alkylsilanes grafted on commercially available silica substrates. [6] [7] [8] Thus, the design of photoresponsive SAMs opens the way for virtually endless materials for applications in optical data storage and signal processing.
While effective in writing the information by switching the chromophores between one (meta)stable state to another, the use of linear absorption spectroscopy to probe the system often results in a destructive readout process, since the state of the photochromic molecules can be altered upon irradiation. Exploiting second-order nonlinear optical (NLO) properties instead provides a strategy for non-destructive readout ability to the system, since NLO responses are revealed using near-infrared wavelengths not energetic enough to trigger uncontrolled photoconversions. Molecules exhibiting large and photoswitchable first hyperpolarizability are thus ideal candidates for photonic technologies with multiple storage and non-destructive readout capacity. [9] [10] [11] Filling the gap between isolated molecular switches and photoresponsive materials nevertheless remains a quite challenging task, which requires anchoring the molecular photochromes on a 2D substrate while preserving i) the reversibility of the switching process, and ii) the NLO responses of the switching states, as well as their contrast. Indeed experiments showing effective photoswitchable NLO SAMs based on fulgimide or azobenzene derivatives have been recently reported, 12, 13 but addressing the aforementioned challenges from a computational point of view has never been tackled. Yet, by offering a microscopic picture of the relationships between the supramolecular structure and NLO properties of the system, numerical simulations have the potential of providing highly useful guidelines to rationally control the NLO responses of the SAMs. in the first hyperpolarizability. [14] [15] [16] To mimic the experimental preparation of indolino-oxazolidine SAMs by click chemistry, 6 IND units were anchored to the silica surface using a two-step process, in which the SiO 2 surface is first grafted with azidoalkyl linkers, and subsequently some of the linkers are functionalized with photoswitchable IND units (Scheme 1). Then, extending the framework used for describing the NLO properties of indolinooxazolidines in chloroform solutions, 17 a sequential approach combining classical molecular dynamics (MD) and quantum mechanics (QM) was employed to evaluate the dynamical be- 
Theoretical methodology

Molecular dynamics simulations
As detailed in the electronic supporting information (ESI), modified versions of the General AMBER Force Field 18 (FF) were used to specifically reproduce the equilibrium geometries of the azidoalkyl linkers and of the complete NLO molecule (Scheme 1). Distinct sets of parameters were derived for describing the open and closed forms of IND. Electrostatic potential-fitted (ESP) atomic charges and torsional potentials around the θ 1 − θ 10 dihedrals were calculated at the M06/6-311G(d) level, and inserted in the force field with the methodology described in reference 19 . In addition, since reliable simulations of NLO responses of push-pull systems require an accurate description of the π-electron conjugation, 16, 17 AM-BER FF bond lengths were adjusted for both states of the switch so as to closely reproduce DFT bond lengths at the corresponding equilibrium geometries (within a maximum absolute error of 0.006 Å), as well as the bond length alternation (BLA) along the central vinyl bridge (red segments in Scheme 1). The amorphous SiO 2 surface of dimensions 52.044 × 51.119 Å 2 and thickness of about 30 Å was constructed following the scheme described in SI.
IND-functionalized SAMs were subsequently prepared using a strategy mimicking the experimental sample preparation. In a first step, a densely packed SAM of 120 azido-undecylsilane chains, corresponding to a coverage of 4.5 molecules/nm 2 , was generated to serve as a basis for grafting the NLO molecules. These long non conjugated linkers are used experimentally to electronically decouple the photochromic units from the substrate. This first sample, referred hereafter to as the "non photoresponsive SAM" (see Scheme 1), was equilibrated for 80 ns keeping fixed the position of the grafting oxygen of each azidoalkyl chain. In the second step, imitating the click reaction used in the experimental process, azide terminal groups were replaced by the photochromic compound in its closed form. Since the IND unit is bulkier than the azide unit of the non photoresponsive SAM, only a fraction of azides was replaced, yielding to three samples with different relative IND to total SAM molecule ratios, namely 1/4, 1/2 and 3/4, corresponding to IND coverages of 1.13, 2.26 and 3.38 molecules/nm 2 , respectively. The samples were first equilibrated for 30 ns, before we focused on the most dense SAM for which simulation was extended up to 150 ns. Finally,
to obtain the open form layer for the highest coverage sample, the force field parameters were switched from the ones optimized for the CF to the ones optimized for the OF for all chromophores simultaneously, and the resulting OF system was equilibrated for further 85 ns. The static and dynamic components of the molecular first hyperpolarizability tensor (β) were calculated using time-dependent (TD) DFT with the M06-2X 20 exchange-correlation functional (XCF) and the 6-311G(d) basis set. As demonstrated in previous theoretical reports, M06-2X is reliable to calculate hyperpolarizabilities of conjugated organic dyes, [21] [22] [23] including indolino-oxazolidine derivatives, 16 owing to its substantial amount (54%) of longrange Hartree-Fock exchange. An incident wavelength of 1064 nm, typical of Nd:YAG laser sources, was used in frequency-dependent SHG calculations. The interfacial NLO responses were analyzed by considering the norm of the first hyperpolarizability vector:
Quantum chemical calculations
where the i th component of the β vector is defined from the β tensor elements:
As in the previous work of Tegeder and co., 12 the anisotropy of the NLO response was also characterized using the component of the β vector normal to the surface plane (β z ), and the corresponding in-plane ones:
All calculations were performed using the Gaussian09 package. 24 All β values are reported assuming a Taylor series expansion of the induced dipole with respect to the applied electric field (T convention), 25, 26 and are given in atomic units (
Results and discussion
Morphology of the self-assembled monolayers Reversely, the θ 1 − θ 3 and γ dihedrals exhibit very broad distributions due to low energy barriers (∼ 1 kcal/mol or smaller). Interestingly, the maxima of the distributions of these torsional angles do not always correspond exactly to minima of the potential energy curve, suggesting that the most probable values are dictated by intermolecular interactions. 
Commutation of the nonlinear optical responses
Relationships between geometrical structures and NLO responses
To gain a deeper understanding on the impact of the geometrical distortions on the intrinsic (static) NLO properties of the photochromes, correlations between the calculated β responses and molecular structural parameters were further analyzed. The variations of β with torsional angles around single bonds are reported in ESI, while Figure 4 illustrates the variations of β with respect to γ, as well as to the BLA along the vinyl bridge connecting the indolino-oxazolidine and the bithiophene. As already observed for molecules in solution, 16, 17 The striking correlation between the NLO response and the γ torsional angle reveals a crucial effect for the chemical engineering of 2D NLO materials. Owing to the low rotational energy barrier for the rotation about γ (∼0.8 kcal/mol, see ESI), the conformations adopted are mostly driven by intermolecular contacts. Since these packing effects are very difficult to control, it emerges that the best strategy to maximize the NLO responses of dye-functionalized SAMs consists in designing rigid molecules with geometry constrained to their highest hyperpolarizability conformation.
Conclusions
In this work, we have used a sequential multiscale approach combining atomistic MD simu- As already known from previous studies, 16, 17 the large NLO enhancement from the closed to the open configuration can be attributed to the increase of the π-electron conjugation between the indolino-oxazolidine and bithiophene moieties, as described by the strong decrease of the bond length alternation along the vinyl linker connecting these two units. More surprising was the correlation found between the magnitude of the first hyperpolarizability in both forms and the γ torsional angle around the single bond between bithiophene and thioalkyl groups. Since this rotation is quasi barrierless in the isolated molecule, the statistical distribution of this dihedral angle is very broad for both forms of the SAMs studied here.
In such a case, only controlling by chemical design the shape of this distribution in newly synthesized indolino-oxazolidine derivatives would allow maximizing their NLO responses. More generally, these results tell us that calculations of the NLO properties of isolated molecules allows a reliable screening of the most effective compounds for subsequent integration in 2D materials, but also highlight that optimizing the NLO responses of devices requires a fine control of the intermolecular interactions, which induce significant distortions in the molecular structure. Reducing the flexibility of the photoresponsive molecular units, together with variations of the coverage rate or the use of bulky separators, appear as promising strategies.
Mutual polarization effects, not considered in this first study, might also significantly impact the NLO responses of the SAMs. Future investigations, carried out on a representative set of molecular aggregates, are expected to provide design rules to effectively exploit the collective effects for optimizing the amplitude of the NLO responses of the system, as well as their contrast upon commutation. The sequential MD-QM approach implemented here promises to be a highly useful computational tool to explore these different alternatives.
